Abstract The neurocircuitries that constitute the corticostriato-thalamo-cortical (CSTC) circuit provide a framework for bridging gaps between neuroscience and executive function in attention deficit hyperactivity disorder (ADHD), but it has been difficult to identify the mechanisms for regulating emotional problems from the understanding of ADHD comorbidity with disruptive behavior disorders (DBD). Research based on ''cool'' and ''hot'' executive functional theory and the dual pathway models, which are thought of as applied response inhibition and delay aversion, respectively, within the neuropsychological view of ADHD, has shed light on emotional responding before and after decontextualized stimuli, while CSTC circuit-related domains have been suggested to explain the different emotional symptoms of ADHD with or without comorbid DBD. This review discusses the role of abnormal connections in each CSTC circuit, especially in the emotion circuit, which may be responsible for targeted executive dysfunction at the neuroscience level. Thus, the two major domains -abstract thinking (cool) and emotional trait (hot) -trigger the mechanism of onset of ADHD.
Introduction
Attention deficit hyperactivity disorder (ADHD) is one of the most common neurodevelopmental disorders in childhood with an overall prevalence of 6.26% in China [1] . It occurs more than twice as often in boys than in girls aged 4-17 [2] . The major clinical symptoms of ADHD are developmentally inappropriate and impaired inattention, motor hyperactivity, and impulsivity, with difficulties often continuing into adulthood [3] . The continuously increasing trend of ADHD in recent years plays an important role in the mental health of children and adolescents. Because of the pervasiveness of ADHD, comorbidity with childhoodonset neurodevelopmental disorders and psychiatric disorders is substantial. Neither the high rate of morbidity nor the comorbidity has received enough attention. Therefore, the phenomena of low treatment rate and high prevalence are regarded as serious public health problems worldwide.
The pathogenesis of ADHD is still unknown, and current diagnosis is based mainly on the medical history of children provided by their parent's subjective expressions, rather than sufficient objective biomarkers. However, not until ADHD was catalogued as a neurodevelopmental disorder in the Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition (DSM-V) [4] published in 2013, did the neuroscience research accelerate with a clear direction.
Focus on the Progress of Neuroscience in ADHD
The focus of neuropsychiatric research is not merely on the discussion of semiology that is emphasized in psychiatry, but also on the neuroscience perspective and disease phenotype. It is thought that the symptoms originate from improper connections in neuronal networks [5] , which was a milestone in adding a new dimension of disease classification. Compelling evidence for neuroplasticity is the fact that children's brains before maturity can establish bypass connections and compensate for impaired function through the differentiation and emergent responses of neuronal networks. For example, children with dyslexia can build extremely strong compensatory functions by constructing bypass connections, such that a new neurobiological compensatory pathway takes over language processing and motor activity instead of the primary language center [6] . Such processes hardly occur in adulthood, suggesting that less automatic processing of these structures is established in learning of a second language later in life [7] .
According to the general pattern of development of the nervous system, the perception of young people is more sensitive than that of adults, as perception declines with age [8] . Cortico-striatal perception is easily damaged by separating cortico-cortical from cortico-striatal circuits within the fronto-striatal circuits [9] . Furthermore, myelination of the primary nerve occurs ahead of the senior nerve center. White matter maturation, including myelination, starts prenatally and progresses in an orderly manner during infancy and childhood from posterior-to-anterior, inferior-to-superior, and central-to-peripheral regions [10] . This raises the question of whether organic brain disease is responsible for the dysfunction of systems that require compensation by bypass connections, or mental retardation (MR) leads to permanently incomplete neuronal connections. The former may establish an abnormal channel connected to the cause of a variety of symptoms in ADHD, but the latter tends to be a state of disinhibition so ADHD symptoms in patients with MR may be less responsive to medical treatment than in patients without MR [11] .
Cortico-Striato-Thalamo-Cortical (CSTC) CircuitRelated Symptoms with ADHD Traits
With the development of neuroscience, it is generally accepted that ADHD results from neurofibrillary dysplasia [12] or atypical neuronal development [13] . Complicated cognitive and emotional adjustments are integrated by the executive control system. It is no longer believed that a change in a specific brain functional region causes a corresponding symptom, but each problem in the integration process can cause a chain-reaction in the corresponding neuronal circuit [14] .
By way of prefrontal hypofunction and an abnormal cortico-striatal pathway, the CSTC circuit has been associated with ADHD [15] . More focus on the neurocircuitry of ADHD is needed for rapid progress in biomedicine.
Neuronal signals are projected from pyramidal neurons of the prefrontal cortex in the CSTC circuit into the striatum, and then to the thalamus. The signals in the CSTC circuit through the striatum are connected to a specific group of striatal neurons, then reach the thalamus, and finally return to the original area of prefrontal cortex as feedback loop, a shorter one from the cortico-striatal pathway and a longer one from the CSTC circuit [16] . Five CSTC circuits are described in Stahl's Essential Psychopharmacology [17] : a sustained attention circuit originating in the dorsolateral prefrontal cortex (DLPFC) projecting to the superior caudate nucleus, called the dorsolateral prefrontal corticostriato-thalamic-cortical circuit [18] ; an emotion circuit originating in the ventrolateral prefrontal cortex (VLPFC) projecting to the nucleus accumbens, called the ventrolateral prefrontal cortico-striato-thalamic-cortical circuit [19] ; a selective attention circuit originating in the dorsal anterior cingulate cortex (DACC) projecting to the inferior striatum, called the dorsal anterior cingulate cortico-striatothalamic-cortical circuit [20] ; a hyperactivity circuit originating in the motor cortex projecting to the putamen or lateral lenticular nucleus of the striatum, called the motor cortico-striato-thalamic-cortical circuit [21] ; and an impulsivity/compulsivity circuit originating in the orbitofrontal cortex (OFC) projecting to the inferior caudate nucleus, called the orbitofrontal cortico-striato-thalamic-cortical circuit [22] .
Neuropsychological Mechanism of the Emotion Circuit in ADHD and Disruptive Behavior Disorder (DBD)
The above four circuits, except for the emotion circuit, are related to almost every major clinical diagnosis of ADHD. Not only have their functions been found to be correlated with each cerebral region involved in the CSTC circuit of ADHD, but also subcortical structures, such as the striatum, play an important role in the transmitting process of pyramidal neuron by over-suppression of excitatory network bursts and under-suppression of inhibitory network bursts in the circuit [23] . Meanwhile, it was declined that thalamus, as the subcortical of the CSTC circuit of ADHD, is involved in motor planning and attentional processes [24] , and cognitive functions [25] . Huge neural networks will be linked by many times of synaptic transmissions of each pyramidal neuron to subcortical structures. The result affects cognitive processing significantly in individuals to supervise and control their own cognition and behavior, which is called executive function (EF), providing compelling evidence that the transition to adult-level response inhibition depends on the refinement and strengthening of integration among specialized networks throughout adolescence [26] .
Although the emotional dysregulation from the emotion circuit seems to be unrelated to the diagnostic standard of ADHD, it has been found that pathogenesis of the emotion circuit is also closely related to ADHD [27] . Because of the consequences of its impairment (25%-45% in childhood and 30%-70% in adulthood), emotional dysregulation is regarded as an important clinical feature of ADHD and an associated feature supporting its diagnosis in DSM-V [28] . ADHD patients with emotional dysregulation are generally unable to control and convert their emotions to a proper intensity with proper context-awareness, which makes them more likely to be frightened and frustrated by sudden emotional changes. The increased intensity of emotional network activation is associated with the deficit of emotional control in ADHD, and also indicates that patients with ADHD are more sensitive to emotional stimuli [29] . As a result, both the ''cool'' and ''hot'' EFs are affected, especially the ''hot'' EF, discussed below.
It has been found that the emotion circuit is responsible for serious emotional disorders such as DBD (conduct disorder and/or oppositional defiant disorder) with callousunemotional traits [30] . The emotion circuit may be responsible for high comorbidity between ADHD and DBD. ADHD and DBD are also evaluated as a homogeneous variable in the design of the Mini International Neuropsychiatric Interview for Children and Adolescents [31] . Decreased activity of the VLPFC is associated with greater severity of symptoms of EF in youths with ADHD [32] and DBD [33] , suggesting that analyses of neuronal networks might provide objective diagnostic neuroimaging biomarkers for ADHD with comorbid DBD.
The EF Model of ADHD with Comorbid DBD
EF is the cognitive control required to complete a series of cognitive tasks and behavior; it is a process of problemsolving supervised and controlled by self-consciousness and behavior. Attention, memory, planning, self-regulation, and other core cognitive and behavioral operations comprise what we know as EF [34] . Inhibition and metacognition are two broad domains of EF. Inhibition includes the ability to inhibit cognitive, verbal, motor, and emotional activities. Deficits in inhibition contribute to the impaired development of four aspects of EF in the domain of metacognition: planning and problem-solving, verbal working memory, nonverbal working memory, and emotional self-regulation [35] .
In neuropsychological studies, deficits in response inhibition and emotion self-regulation contribute to dominant damage as the core symptom of ADHD [36, 37] .
Many dysfunctions of cognition and behavior are due to deficits in self-control and sustained attention. The EF model is divided into two theoretical parts, ''cool'' EF and ''hot'' EF [38] . It has been suggested that the current dual pathway model of ADHD involving both the attention and emotion circuits, which correspond to ''cool'' and ''hot'' EF, respectively, might not be independent of the process of neurocognition. However, Posner et al. [39] have demonstrated that patients with ADHD have reduced connectivity in the two neuronal circuits underlying executive attention of ''cool'' EF and emotional regulation of ''hot'' EF. Decontextualization between these two EFs and the behavioral correlates of ADHD demonstrate that reduced connectivity of executive attention in the attention circuit is associated with executive inattention but not with emotional lability, while reduced connectivity of emotional regulation in the emotion circuit is associated with emotional lability but not with executive inattention. In the real world, however, ''cool'' EF cannot be separated from ''hot'' EF except that researcher adds a delay of gratification and affective decision-making tasks to distinguish hot-affection from cool-cognition in psychological experiments to clarify these two circuits [40] .
''Cool'' EF is both a top-down executive control and an absolute process of cognitive control; it is required to solve abstract and contextualized problems including response inhibition, adaption, task-switching, or change of strategy [34] . The advanced cortical neurons originating from the DLPFC and DACC to the superior caudate nucleus (SCN) and thalamus downstream are shown in Fig. 1 (blue color) . Top-down dysfunction constitutes a gradient extending from mainly non-emotional top-down processes to mainly emotional regulatory processes in ADHD [41] .
''Hot'' EF is both top-down executive control and bottom-top feedback of cognitive control including the motivation, reward, and cognitive processes involved in emotional responses and emotional decision-making. Children with ADHD who are probably less sensitive to reinforcement tend to prefer immediate over delayed rewards. Their response to a reward might attenuate more rapidly than that of their unaffected peers [28] . The above process is called delay aversion in ''hot'' EF of ADHD. It has been debated whether brain processes associated with emotion can be separated from those associated with cognition. Since cognition is composed of emotional and non-emotional information, the processes interact [42] . Any emotional regulatory task contains non-emotional processes, in agreement with previous theoretical constructs of attention in distinguishing ''cool'' EF regulating nonemotional processes from ''hot'' EF regulating emotional processes [41] . The cortical neurons originating from the VLPFC and the OFC to the nucleus accumbens (NA) or the inferior caudate nucleus (ICN) and thalamus downstream are shown in Fig. 1 (red color) . Bottom-up feedback is more important than upstream control in ''hot'' EF [43] . Altered reward-processing in aggressive behaviors can be explained by fronto-accumbal white matter connectivity and cortical thickness in the OFC of ''hot'' EF [44] .
Response inhibition is classic ''cool'' EF that requires individuals to distinguish a target stimulus from a nontarget stimulus at the same time. This reaction depends on the sustained attention circuit and the selective attention circuit. From Barkley's theory of the primacy of inhibitory control in ADHD [45] , the Stroop test mainly involves response inhibition. Transcranial direct-current stimulation significantly increases the activity of the DLPFC to provide better control of response inhibition [46] . The Stroop test is the classical paradigm of response inhibition. The Stroop effect was originally used to measure the level of response inhibition, but modified follow-up versions tend to make more guidance, such as standardized Stroop, Golden Stroop, and emotional Stroop. The emotional Stroop test was designed on the basis of advantages over the original version. The interference terms of emotional words not only assess the function of response inhibition, but emotional responses can also be recognized simultaneously as a tool for measuring ''hot'' EF, meanwhile, there are interaction effects on the inhibitory control and emotional regulation in youths [47] .
A meta-analysis of neuroimaging studies has shown that consistent brain activation patterns of healthy participants that span the DLPFC and the DACC are more strongly interrelated to emotionally-salient stimuli during cognitive conflict trials of the emotional Stroop test than emotionally-neutral stimuli. These regions are consistently activated on intense but not on mild emotional interference trials [48] ; this is the so-called slow effect of the emotional Stroop effect. The symptom of emotional stimulation is sustained after the first stimulus is presented, and affects the identification of subsequent stimuli [49] . Elevated behavioral and emotional dysregulation shows inverse activity in the VLPFC and DACC, and the subcortical amygdala [50] . Positive emotional experiences activate the ventromedial prefrontal cortex (VMPFC), and the neurocircuitry of the VMPFC and amygdala have been associated with response inhibition in emotional disturbance using fMRI studies during the emotional Stroop test. The decreased activity of the emotion circuit aggravates the severity of ADHD with an overlap between emotional responding and response inhibition, resulting in callousunemotional traits and destructive behavior in youths with ADHD [30] . The involvement of reward-related emotional responding regions (including the OFC, VLPFC, VMPFC, ventral striatum, and thalamus) adds an impulsivity/compulsivity profile to the ''hot'' EF of ADHD [51] , while decision-making of the ''hot'' EF in youths with DBD reveals reduced reward response regions (including the VMPFC, OFC, caudate, and thalamus) [52] . This is supposed to be the theoretical mechanism of ADHD with comorbid DBD in the EF.
Thus, the EF model of ADHD and its brain structure are related to the dual pathway model of ADHD [53] . Response inhibition and delay-related deficits represent independent neuropsychological components [54] . The response inhibition deficit results from the sustained attention circuit and the delay-related deficit from the emotion circuit, which is respectively familiar from the ''cool'' EF and ''hot'' EF in another theoretical system noted above. In basic studies of the dual pathway model, evidence has shown that cognitive and behavioral dysregulation comes from the response inhibition deficit, while the shortened delay gradient and inadequate delay gratification come from the delay-related deficit [54] . If disruptive behavior is chosen as the only factor to be discussed, the high comorbidity of ADHD and DBD may be explainable. More than half of youths with ADHD characterized by hyperactivity/impulsivity and oppositional defiant disorder are strongly associated with a general disruptive behavior factor, rather than their specific inattention, specific hyperactivity/impulsivity, and specific oppositional defiant disorder factors [55] . The above reveals the specific reason for the decrease in processing ability after decision-making conflict [56] .
The congruence of different theories is based on pathology in the regions DLPFC, DACC, VLPFC, OFC, striatum, and thalamus. The connections between these regions are regarded as the foundation of the pathogenic Fig. 1 The locations of EF models in the CSTC circuits in ADHD. Differential development of neural circuitry subserves ''cool'' EF (blue color) including the DLPFC and the DACC, and ''hot'' EF (red color) including OFC and the VLPFC, leading to abnormal downlink to the substructure of striatum (SCN or NA/ICN) and thalamus.
mechanism [57] . Therefore, the phenomena of response inhibition deficit and delay-related deficit play important roles in the independent EF component in ADHD [58] . ''Hot'' EF-related CSTC circuits are likely to be associated with the emotional behavior problems of ADHD, and there is reason to infer that executive dysfunction in ADHD may be associated with the emotion circuit and caused by abnormal activity.
Perspectives
Many fMRI studies have attempted to determine whether the CSTC circuits differ statistically between an ADHD group and a healthy control group and have reached conclusions that provide information about disease and health. However, such studies ignored comparisons among neuropsychiatric diseases, and, consequently, the final conclusions do not help to distinguish between diseases. Therefore, the diversity and specificity of diseases cannot be explained, given the subjectivity and uncertainty of the differential diagnoses. Moreover, single-subject studies, the most common neuroscience method, provide limited results. It is difficult to find neuroscience research from the perspective of psychiatric traits rather than the classification of diseases. We believe that increasing numbers of evidence-based findings will be available from multiple interdisciplinary studies in neuroscience with the intensive study of ADHD. Interdisciplinary studies are not commonly seen in China, such as neuroimaging, neuropsychology, neurobiology, and computational psychiatry [59] . Based on the existing theory, it will be a breakthrough if the integration of present resources can optimize the allocation of resources within their scope. The findings may provide biological markers of ADHD, which are expected to provide strategies for future therapeutic targets of the neurobiological mechanisms.
